Design Parameters for an HTS Flux Pump  by Hoffmann, C. et al.
 Physics Procedia  36 ( 2012 )  1324 – 1329 
1875-3892  © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors. 
doi: 10.1016/j.phpro.2012.06.299 
Superconductivity Centennial Conference 
Design parameters for an HTS flux pump 
C. Hoffmanna*, R. Walsha, E. Karrer-Muellera, D. Pookeb  
aIndustrial Research Ltd., 69 Gracefield Road, Lower Hutt 5010, New Zealand 
bHTS-110 Ltd., 69 Gracefield Road, Lower Hutt 5010, New Zealand 
 
Abstract 
Flux pumps are devices to energize superconducting magnets and are embedded in the cryo-system. Therefore heat 
loss through current leads is eliminated allowing for more efficient cooling design. This is particularly advantageous 
for HTS based magnet systems which cannot be operated in a persistent mode because of the inability to form 
superconducting joints. We recently developed a flux pump based on YBCO thin films capable of generating currents 
over 200A. In this paper we investigate variations of the design by comparing a flux pump employing an YBCO 
coated disc with a 2G wire based system. Results are discussed with regard to voltage generation and current capacity 
and were used to design a prototype 1T magnet system made of 2G HTS wire. 
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1. Introduction  
With the availability of high quality high temperature superconductor (HTS) wire in long lengths and 
efficient cryo-coolers, magnet systems employing HTS have become commercially attractive. Very 
compact cryogen-free magnets can be used in a variety of industries by either replacing copper magnets or 
enabling new applications. Crucial to the success of HTS based systems is the cost of the device, which is 
dominated by wire cost and cooling cost. As HTS systems cannot be operated in persistent mode a power 
supply has to be permanently employed thus generating the dominant heat load on the cryo-cooler. Flux 
pumps which are embedded in the cryogenic environment can help to reduce cost in the cooling system 
and replace expensive high current power supplies. Flux pumps based on low temperature 
superconductors (LTS) have been developed since the 1960’s and there exists a wide range of designs [1]. 
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HTS based designs have been realized only recently (e.g. [2] and [3]) and apart from using high 
temperature superconductors follow mostly conventional techniques such as rectifying an AC current or 
transferring the flux into a circuit through a normal conducting spot. Recently we developed a new 
technique [4] which does not require overcoming the upper critical field for the flux transfer and in this 
paper we examine the design parameters of such a mechanically driven flux pump based on YBCO thin 
films. 
2. Experimental 
The induction of current in a superconducting circuit can be achieved through circular motion of a 
permanent magnet over a section of the circuit. A detailed description of the method can be found in [4] 
and Fig. 1(a) shows a schematic cross section of the setup. The flux pump unit is connected to a double 
pancake coil made of 2G wire obtained from American Superconductor Corp. (AMSC) which has an 
inductance of L = 2.7mH and a critical current of Ic = 55A. In the flux pump itself we used 12mm wide 
2G wire obtained from Superpower (SF12050) and the solder joints to the load coil were made using 
InBi-solder. The current flowing in the circuit was determined using a Hall sensor centered in the coil 
measuring the magnetic field. All experiments were done in a liquid nitrogen bath. 
The flux pump consists of two discs, each accommodating twelve NdFeB N38 permanent magnets of 
10mm diameter, mounted on a shaft and driven by a 4W DC motor. These discs rotate at a distance of 
about 1mm over the superconducting section as shown in Fig. 1(b), which can consist of either a single 
coated conductor strip or several strips connected in parallel. 
 
    
Fig. 1.  (a) Schematic and (b) photograph of the flux pump employing 2G wire connected to the load coil 
A variation of the method is an arrangement where the coated conductor section of the flux pump is 
replaced by a superconducting disc and the magnets move on a circular path over this disc. Such a setup 
using low temperature superconductors was described earlier by van Suchtelen [5]. We used a 3” LaAlO3 
single crystal wafer coated with 800nm YBCO (THEVA) over which a disc containing six N38 
permanent magnets rotates. The edge and the centre of the YBCO layer were coated with a thin gold layer 
to which the leads to the load coil were soldered. On the region over which the magnets rotate the YBCO 
has no metal coating, as can be seen in Fig. 2(a), so that eddy current losses can be avoided. In order to 
avoid collision with the coated conductor the disc with the permanent magnets rotates over the rear side 
of the coated wafer. The fragile single crystal can also be protected from mechanical damage by mounting 
the wafer in a holder with a suitable recess. Fig. 2(b) shows a photograph of the assembled wafer type 
flux pump connected to the load coil.  
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Fig. 2. (a) YBCO coated LaAlO3 wafer used as the current generation section of the flux pump. The 2G wire leads of the load coil 
are soldered to the gold coated centre and edge connections on the disc; (b) Flux pump with YBCO wafer connected to the load coil.  
3. Design parameters 
The important parameters which characterize the operation of a flux pump are the voltage generated 
and the current capacity. The voltage is important because it gives an indication of how fast any given 
coil can be energized and therefore a large voltage is desirable. On the other hand the current capacity of 
the device has to be large enough to fully exploit the potential of the HTS load magnet.  
3.1. Voltage generation 
As the flux pump is subject to Faraday’s law of induction the voltage fundamentally depends on the 
rate at which flux is transferred into the superconducting circuit. Therefore the magnet strength, the 
distance of the magnet poles to the superconductor and the frequency, at which the magnets traverse the 
superconducting section are the basic parameters which determine the generated voltage. In addition, the 
resistive joints and the intrinsic losses of the method reduce the performance of the device. To investigate 
the intrinsic losses we conducted experiments in a variety of arrangements using the setups described 
above. The voltage across the load coil was measured for the following flux pump configurations: a single 
2G tape, three tapes in parallel spaced 12mm apart, one 24mm wide tape made by soldering three 
overlapping 12mm tapes together and the wafer configuration. While for the 2G tape arrangements a 
common rotation speed of 3Hz was used, the frequency in the case of the wafer configuration was chosen 
in order to match the voltage of the wide tape configuration. The voltage drop across the load coil as a 
function of the current in the coil for the four cases is shown in Fig 3(a). 
As already described in [4] the voltage decreases with current for all configurations. In the zero current 
limit the setup with a single tape shows the most efficient flux transfer into the circuit while the version 
with three parallel connected tapes is the least efficient. It seems that the existence of two additional 
current loops creates a counter voltage which impairs the effective generation of current. The wide tape 
configuration lies in between these cases, which indicates that an extended path of the flux lines through 
the wide superconductor also leads to a parasitic voltage.  
Considering the voltage generation with increasing current in the circuit, the single tape setup is the 
least favorable. As the width of the tape is similar to the cross-section of the magnets, the motion of the 
flux lines can be expected to counteract the voltage generation. An alternative superconducting path 
improves the performance as can be seen for the other three configurations where the voltage decreases 
significantly less with increasing current. Interestingly the slope for these three cases is very similar, 
suggesting a common loss mechanism. It cannot be entirely related to the voltage drop across the resistive 
joints in the circuit as these should account for only about 100ȝV at a current of 50A. 
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Fig. 3. (a) Voltage across the load coil for four different flux pump configurations; (b) Frequency dependence of the voltage 
generated in the wafer configuration. The dotted line shows the limiting current as a function of frequency. 
As the efficiency of the flux pumping operation depends on the mobility of the flux lines in the YBCO 
thin film it is important to investigate whether there is a critical velocity at which flux transfer becomes 
inefficient. In Fig. 3(b) the voltage as a function of current for rotation frequencies up to 26Hz are shown. 
The data was obtained with the wafer configuration resulting in a maximal voltage of about 1650 ȝV. Up 
to a frequency of 26Hz, which translates to a velocity of 3.1m/s, the voltage is proportional to the 
frequency and no voltage limiting effect can be observed. The current dependence for all frequencies is 
also very similar as the slopes do not differ greatly. The terminal voltages at the limiting currents for each 
frequency lie on a curve that can be fitted to a power law, indicated by the dotted curve. The current 
limiting values match the independently measured critical current performance of the coil, and does not 
arise from the current of the flux pump itself, which is much higher than that of the coil.Thus, using the 
flux pump, the I-V curve of the coil can easily be measured and due to the low voltage generation of the 
device the risk of coil damage is very low. 
3.2. Current capacity 
As the current is limited to the Ic of the coil of 55A we made a solenoid of 32mm diameter comprising 
twelve turns of coated conductor in three layers.. The wires were connected in parallel resulting in a 
critical current of the solenoid of 240A at 77K. Experiments were conducted with the parallel 
arrangement of tapes in the flux pump, with results shown in Fig. 4. 
 
 
Fig. 4. Current capacity of the flux pump as a function of the number of parallel tapes.  
The current capacity of the flux pump is seen to be proportional to the number of tapes and reaches 
205A with four tapes in parallel. Therefore each individual tape contributes about 50A to the overall 
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capacity. In order to investigate whether the current capacity is purely dependent on the critical current of 
the material or is limited by some geometric factor, the datapoint with four types in parallel wasrecorded 
with the fourth strip soldered face to face with one of the other tapes in the device. The result in Fig. 4 
shows a linear increase in current capacity with number of strips, independent of the geometry, indicating 
that the critical current of the individual strip is the limiting factor in regard to current capacity. Therefore 
the current capacity of the flux pump can be increased by either adding tapes in parallel under the 
magnets, by using tapes with higher critical current or by soldering tapes together. 
4. Cryogen free HTS magnet system 
The full benefits of employing a flux pump can only be demonstrated in a cryogen free magnet system 
rather than the previous arrangements in a bath of liquid nitrogen. While the general characteristics of 
voltage and current generation as well as limitations in that regard can be assessed in a simple liquid 
nitrogen bath setup, the heat dissipation of the system can not be determined. As this is a crucial 
parameter for commercial applications a conduction-cooled demonstration system can be employed to 
illustrate the reduction of heat load compared to a coil energized through current leads. 
The cryogen free 2G HTS magnet system as shown in Fig. 5(a)consists of three components: the 
magnet coil itself, a Stirling cryo-cooler and the flux pump for current generation.  
The magnet is designed and manufactured by HTS-110 with a mild steel iron housing around the bore 
of 15mm diameter and two 2G double pancake coils to generate the field. The coil dimensions are 35mm 
inner diameter and 63mm outer diameter with 87 turns per layer. The critical current of the coils at 77K is 
24A. They are sandwiched in the coil pack by copper cooling plates which are connected to the thermal 
bus bar made of OFHC copper. 
Cooling is provided by a CryoTel GT Stirling cooler from Sunpower, which is air cooled and  has an 
input power of 240W. The minimum no load temperature is 40K and the lift is 0.25W/K . The thermal 
bus bars are connected to the coldhead by a clamping terminal. 
 
    
Fig. 5.  (a) Photograph of the cryogen free HTS magnet system. The vacuum cover is removed on the left hand side to show the flux 
pump unit; (b) Field generated in the magnet over time. 
The flux pump is of the type where the wires are connected in parallel. The cage structure encasing the 
rotor with the permanent magnets can accommodate six strips of 12mm wide 2G wire (SF12050). 
According to the results shown above therefore the maximal current capacity should be in the range of 
600A. For the given setup only two single strips were connected as the expected current through the coils 
was no more than 100A. The rotor consists of three discs of 70mm diameter accommodating twelve Nd50 
permanent magnets each. The drive shaft is connected to a ferrofluidic rotary feedthrough and is driven 
by a 4.7W stepper motor. A control unit with inputs for temperature sensors and the signal from the Hall 
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sensor in the magnet bore controls the rotation speed of the rotor. Cooling of the wire and the cage 
structure is provided by an OFHC copper bus bar  The flux pump module is mounted to the inner wall of 
the stainless steel vacuum housing with three G10 support studs. The overall dimensions of the entire 
magnet system are 600mm x 450mm x 140mm and its weight is around 25kg. 
After cooling the coils and the flux pump unit to 54K, which was the lowest temperature achievable 
with this cryo cooler with the static load of the magnet system , the rotor was spun at a frequency of 7Hz. 
This generated a voltage of 1.4mV and energized the magnet to a maximum field of 865mT or a current 
of 73A within 640s as shown in Fig. 5(b). After reaching its maximum the field slowly decreases 
although the rotation frequency remains constant. In this case the magnet produced a field of 865mT for 
20s before the field decays at a rate of 0.16mT/s. This can be explained by a section of the coil being in 
the flux creep state with associated heat dissipation. Due to insufficient cooling power this section 
continues to warm thus  further decreasing the local critical current.. If on the other hand the field is 
limited to 750mT (68A) it can then easily be stabilized. As the flux creep regime is not reached within 
any section of the coil, the temperature remains constant and a current limiting effect is not observed. In 
this case the temperature at the cold head rises by 2K, which translates to a heat load of 0.5W. The total 
heat load introduced to the system by the flux pump is 1.2W, where the contribution from thermal 
conduction accounts for 0.7W. Compared to the heat load of 5.4W through conventional current leads at a 
current of 68A, this is equal to a reduction by a factor of 4.5. 
5. Conclusions 
We have investigated the basic parameters required for efficient flux pump design, namely voltage 
generation and current capacity. For voltage generation the existence of a superconducting path at all 
times is beneficial and we have demonstrated three different designs to achieve this. Regarding 
limitations of the method due to a critical velocity of flux lines in YBCO we found no negative effect up 
to a velocity of 3.1m/s. The current capacity is proportional to the number of tapes connected in parallel, 
with each tape carrying up to about 50A. On a very compact cryogen free HTS magnet system we could 
demonstrate the feasibility of the technique by achieving a field of 865mT while reducing the heat load on 
the cooling system by a factor of 4.5 over conventional current lead solutions. Further investigations will 
be conducted regarding the heat generation of the method as well as the field stability that can be 
achieved. Recent results are promising with a stability of better than 100ppm achieved in early 
experiments using only manual feedback. 
References 
[1] L.J.M. van de Klundert et al.,. Cryogenics, Vol. 21, Issue 4, p. 195–206, 1981 
[2] Z. Bai et al., IEEE TRANS. APPL. SUPERCON.Vol. 20, No. 3, 2010, p. 1667-1670 
[3] D.K. Park et al., Physica C, 469 (2009), p.1804-1807 
[4] C. Hoffmann et al., IEEE TRANS. APPL. SUPERCON.Vol. 21, No. 3, 2011, p. 1628-1631 
[5] J. van Suchtelen et al., Cryogenics,  Vol. 5,  p.256ff, 1965 
 
 
